Introduction
The earliest artificially nanostructured superhard materials were epitaxial TiN/VN(001) superlattices grown by reactive magnetron sputter deposition on MgO(001) [1] The term superhard was first defined, rather arbitrarily, as a material with a hardness H > 35
GPa [2] and much later as H > 40 GPa [3] . TiN/VN(001) superlattices with equal layer thicknesses of 2.6 nm exhibited a nanoindentation hardness of 56 GPa, an increase by a factor of approximately three over reported hardness values for epitaxial TiN/MgO(001), H = 21
GPa [4] and VN/MgO(001), H = 16 GPa [5] .
A completely different approach, better suited for mass production, was based upon dynamic self-organization during film growth to synthesize fully-dense and superhard ceramic nanocomposite thin films. The idea, first realized by Shizhi et al. [6] , was developed in a series of papers by Veprek et al. [3, 7, 8, 9 ] using a model system composed of TiN and Si 3 N 4 , which are immiscible [10] . The concept was based upon the idea that during film growth at elevated temperatures, strong surface segregation would give rise to a nanostructure consisting of small TiN grains encapsulated by a few monolayers (ML) of an amorphous Si 3 N 4 (a-Si 3 N 4 ) tissue phase. This should occur dynamically as SiN y segregation to the surface of TiN grains forces TiN, which segregates in turn to the surface of the SiN y layer, to renucleate. The stepwise process is repeated throughout the film, thus eliminating columnar growth with associated underdense intracolumnar boundaries and giving rise to very smooth surfaces. The encapsulation layers also constrain further growth of the TiN nanograins.
Since the initial proposal, a wide variety of hard and superhard refractory nanocomposites have been synthesized by both physical and chemical vapor deposition (PVD and CVD) techniques. These nanocomposites, some of which have found commercial
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3 applications as wear-resistant coatings on, for example, cutting tools and automotive components, typically consist of transition-metal nitride [11, 12, 13, 14, 15, 16, 17, 18, 19] , carbide [20, 21, 22, 23, 24, 25] , or boride [26, 27, 28, 29, 30 ] nanocrystals encapsulated by a few ML of a covalent interfacial layer (e.g., Si 3 N 4 , SiC, BN, CN x , or C).
A qualitative explanation for the high hardness of TiN-Si 3 N 4 and related ceramic nanocomposites stems from two points [8] . First, the TiN nanograins must be sufficiently small (typically ≲ 5 nm) to impede the nucleation and growth of dislocations. Second, grainboundary sliding is inhibited by the high cohesive strength of the covalently-bonded intragranular amorphous encapsulation layer.
It has been proposed that achieving superhardness in TiN-Si 3 N 4 -based films requires growth at relatively high deposition temperatures, ~ 550 C in order to obtain complete phase separation to form pure TiN nanocrystallites with typical sizes of 3-5 nm and an amorphous Si 3 N 4 tissue phase [7, 8, 9] . However, because of the small dimension of the crystallites and the extreme curvature of the interfaces, the above hypothesis has not been established experimentally. In fact, in-situ variable-temperature scanning tunneling microscopy, lowenergy electron diffraction, and post-deposition high-resolution cross sectional electron microscopy structural analyses, combined with ab initio density functional theory calculations, suggest that SiN y /TiN interfacial bonding and structure is far more complex [31] than originally envisioned. The results show that SiN y layers can grow epitaxially for several ML on TiN(001) and TiN(111) surfaces, giving rise to strong interfacial bonding before transforming to a-Si 3 N 4 . Cubic SiN y layers with thicknesses of 5-7 Å were also observed to grow coherently in epitaxial and polycrystalline TiN/SiN y multilayers exhibiting a maximum hardness [31] . Flink et al. [33] reported that reactively arc-evaporated Ti 1-x Si x N films with x ≤ 0.09 were single-phase cubic (Ti,Si)N solid solutions with a dense columnar structure, while films with x > 0.09 exhibited a featherlike nanostructure consisting of cubic (TiSi)N nanocrystallite fibrous bundles separated by metastable SiN y with coherent-to-semicoherent interfaces. The highest hardness, H = 41.6 GPa, was obtained from films with x = 0.14. A fibrous nanostructure has also been reported in TiAlSiN films [34] . Furthermore, in a series of papers, Vaz et al. [35, 36, 37] and Rebouta et al. [38] 

6 Film compositions were determined by time-of-flight elastic recoil detection analysis (TOF-ERDA), using a 36 MeV 127 I 9+ ion beam incident at 22.5º relative to the sample surface and detected at a 45º recoil angle [39] . The resulting time-of-flight versus recoil energy spectra were analyzed using the CONTES software [40] . Reported values are accurate to within ±3%.
High-resolution plan-view and cross-sectional transmission electron microscopy (HR-TEM and HR-XTEM) was performed in a FEI Tecnai G2 TF20 UT instrument with a field- The film is stoichiometric in nitrogen and of uniform composition below the surface oxide layer, which forms upon air exposure. except that the film thickness at which polycrystalline columns are first observed decreases with increasing x, and the total epitaxial volume fraction is correspondingly lower. The
Multilayer structures
[001]-zone-axis SAED patterns show that the lower portions of each of these two alloy films are single-crystalline. However, SAED patterns from the upper regions exhibit diffraction arcs and rings corresponding to the polycrystalline columnar structure shown in the XTEM images. Si also segregates to the upper (001)-faceted surfaces. Figure 11 , where each data point is averaged over 10
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columns. x is found to increase monotonically from x = 0.08 with a column radius r = 2.4 nm to x = 0.14 with r = 3.7 nm. That is, the amount of Si segregation to column boundaries increases with decreasing column size; i.e., it increases with proximity of the boundary-edge sink. 
Conclusions
We obtain stoichiometric single-phase B1-NaCl structure show that Si segregates to underdense column boundaries as well as to the upper film surface.
Overall, the results demonstrate that it is possible to grow single-phase epitaxial metastable 
